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Purpose: Assessing pulmonary emphysema using Quantitative CT of the lung depends on accurate
measures of CT density. Sinogram-Affirmed-Iterative-Reconstruction (SAFIRE) is a new approach
for reconstructing CT data acquired at significantly lower doses. However, quantitative effects of this
method remain unexplored. The authors investigated the effects on the median values of materials
in the COPDGene2 test-object as a function of the reconstruction method [weighted filtered back
projection (WFBP) versus SAFIRE], test-object size, dose, and material composition using a Siemens
SOMATOM Definition FLASH CT scanner.
Methods: The COPDGene2 test-object contains eight materials; acrylic, water, four foams (20 lb,
12 lb, lung-equivalent, and 4 lb emphysema-equivalent), internal and external-air. The test-object
was scanned with three different outer ring sizes, simulating three different body habitus. There is
an average size (36 cm) Ring A, large size (40 cm) Ring B, and small size Ring C (30 cm). The
CT protocol used 120 kVp, 0.5 s rotation, 1.0 pitch, and a 0.6 slice collimation with progressively
decreasing x-ray exposure values, 11.94–0.74 mGy. With a thorax length of 30 cm, the corresponding
effective doses would be 5.01–0.31 mSv. The effects of using SAFIRE versus WFBP were assessed
using a two tailed t-test for each ring size, material, and dose. Multivariable linear regression was used
to evaluate the relative effects of ring size, material composition, dose, and reconstruction method on
the measured median value in HU.
Results: SAFIRE versus WFBP, at the largest ring size and two lowest doses there was a significant
difference in median values of 4 lb-foam, p < 0.01. Using the smallest ring size at the lowest dose
level there was a significant difference in the median value of 4 lb-foam, but the effect size was
small, 1 HU. There is a significant difference in median values of both internal and external air using
both the small and medium size rings at the three lowest dose levels, p < 0.05. There are significant
differences noted at both high and low dose levels when using the large ring size in the median values
of internal and external air when, p < 0.05. These effects on 4 lb-foam, inside and outside air are
shown to be in part due to truncation effects on the median value since the lowest HU value in the
CT scale used is −1024 HU. Multivariable linear regression results demonstrated significant effects
on the measured material median value and standard deviation due to ring size, material composition,
dose level, and reconstruction method, p < 0.05.
Conclusions: The authors have shown that there is no significant effect on the median val-
ues obtained when using WFBP versus SAFIRE in materials with CT density between 120 and
−856 HU using three different test-object sizes and CT doses that vary from 11.94 to 0.74 mGy.
The authors have demonstrated there are significant effects on median values obtained when us-
ing WFBP versus SAFIRE in materials with CT density values between −937 and −1000 HU
depending on the ring size and dose used. As expected, there is considerable reduction in image
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noise (lower standard deviation) using SAFIRE versus WFBP with all ring sizes, doses, and ma-
terials in the COPDGene2 test-object. © 2014 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4893498]

Key words: computed tomography, quantitative CT, test object, phantom, lung imaging, emphysema,
COPD, dose

1. INTRODUCTION

There is considerable interest in using quantitative CT (QCT)
measures for the assessment of lung structure,1–8 QCT scans
of the thorax require carefully designed CT protocols for the
purpose of quantitatively assessing the amount of emphy-
sema, air trapping, and inflammation that might be present in
the lung. Such protocols would facilitate the following these
pathologic changes over time to study the natural history of a
variety of lung diseases as well as to assess their response to
a variety of therapeutic interventions.9–19

A recent study from our laboratory validated that a test
object containing acrylic, water, lung equivalent foam, inter-
nal and external air, the COPDGene 1 test object, can assess
CT scanner performance in regard to changes in CT atten-
uation measurements over time in subjects participating in
the COPDGene research study.1 All CT scans in that study
used filtered back projection reconstruction kernels specif-
ically avoiding newer iterative reconstruction methods be-
cause of the lack of information regarding the effects of these
methods on imaging quantitation. New iterative reconstruc-
tion methods provide the opportunity to lower dose and or
increase signal to noise ratio in CT images of the lungs com-
pared to the established filtered back projection methods.20–32

The question that arises is whether these new iterative recon-
struction methods will faithfully reproduce the median values
of those studies that have used filtered back projection meth-
ods to determine the median CT values in normal and diseased
lung parenchyma.

This paper will report our results on the effects of progres-
sively reducing radiation exposure when performing MDCT
scans of the COPDGene 2 test object. The COPDGene 2 test
object contains eight materials of interest for imaging the tho-
rax varying in CT density from −1000 to 120 HU. Measure-
ments of the median and standard deviation (SD) for the eight
different materials will be reported while progressively reduc-
ing radiation exposure from 11.94 to 0.75 mGy. For this study
the Siemens B35f weighted filtered back projection (WFBP)
(Ref. 33) kernel and the Siemens I30f Sinogram Affirmed
Iterative Reconstruction (SAFIRE) second generation itera-
tive reconstruction kernel were used for image reconstruction
on scans obtained using a Siemens SOMATOM Definition
FLASH MDCT scanner with the latest Stellar34 detector tech-
nology.

2. METHODS

2.A. MDCT scanner

The scanner used for this work was a Siemens SOMATOM
Definition Flash which includes Stellar Detectors and Straton

x-ray tubes. The scanner was running software version VA44
and is capable of performing both WFBP and SAFIRE recon-
structions.

2.B. Test object

The test object (phantom) that was used for this study
was the COPDGene 2 test object, Fig. 1. The COPDGene
2 test object is an improved version of the COPDGene 1
test object.1 The COPDGene 2 test object was manufactured
to specifications that were provided to the Phantom Labo-
ratories, Salem, NY. The specifications for improvement of
the original COPDGene 1 test object were developed by the
COPDGene Imaging Committee and also the National Insti-
tute of Standards (NIST) in Gaithersburg, MD, USA. The
new features of the COPDGene 2 test object compared to
the COPDGene 1 test object include the addition of three
3 cm cylinders of NIST manufactured foams. The three NIST
foams are referred to as 4, 12, and 20 lb foams. These materi-
als are used to generate different CT density references from
−937 HU (4 lb foam), −824 HU (12 lb foam), and −703 HU
(20 lb foam), respectively, Fig. 1.

The COPDGene 2 test object preserves the 12 internal
air holes and six embedded polycarbonate tubes from the
COPDGene 1 test object. The tubes serve in the same capacity
as in the COPDGene 1 test object, which is to simulate differ-
ent airways sizes. Two of the polycarbonate tubes were em-
bedded at a 30◦ angle to the z axis of the test object. Thus the
COPDGene2 test object contains eight materials that can be
used for a quantitative densitometry study; acrylic (120 HU),
water (0 HU), 20 lb foam (−703 HU), 12 lb foam (−824 HU),
lung equivalent foam (−856 HU), 4 lb foam emphysema-
equivalent foam (−937 HU), internal air (−1000 HU),
and external air (−1000 HU). This range of material densi-
ties encompasses the range of densities most often assessed
with quantitative CT imaging of the lungs. The test object was
scanned with three different water equivalent outer ring sizes,
simulating three different body habituses. There is an average
size (36 cm) Ring A, large size (40 cm) Ring B, and small
size (30 cm) Ring C.

2.C. Test object CT scan protocol

The COPDGene 2 test object was secured to the CT ta-
ble such that the long axis of the test object was parallel to
the CT gantry along the x-y plane of the detector thus con-
sistent with orientation of routine patient scanning. The table
position was adjusted to place the test object in the iso-center
of the imaging field of view. The CT scan protocol utilized
a scan collimation of 0.6 mm × 128 slices, 0.75 mm slice
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FIG. 1. COPDGene 2 test object/phantom as described in the text.

thickness with 0.5 mm increment, pitch 1.0, 0.5 s rotation
time, 120 kVp. The test object measures 50 mm in the z axis.
We performed a spiral scan in the z axis of the test object of
50 mm in length that was centered in the middle of the z axis
of the test object. Only the central 30 mm of the test object
was used for the analysis.

Without moving the test object with a given outer Ring
Configuration between runs, the object was scanned at six dif-
ferent effective mAs values ranging from 169 to 17 mAs, cor-
responding to six different x-ray exposures, 11.94 mGy (typ-
ical clinical CT of the thorax exposure), 9.02 or 9.04, 5.97,
3.04, 1.55 or 1.58, and 0.74 or 0.76 mGy. There were slight
variations in the exposures at the ∼9 and ∼1.5 mGy range
caused by a data entry issue at the time of scanning. Effec-
tive mAs is defined as tube current (mA) multiplied by ro-
tation time (s) divided by pitch. Using a 30 cm DLP, typ-
ical for a human thorax, the corresponding effective doses
would range from 5.01 to 0.31 mSv. When we performed
WFBP reconstruction, the spiral scanning mode was selected
along with the medium sharpness B35f standard weighted fil-
tered back projection kernel. Using the same raw projection
data, SAFIRE reconstruction mode was selected. Both recon-
struction kernel and the SAFIRE strength parameter must be
specified when using this particular manufacturer’s iterative
reconstruction technique.23, 35–39 We selected the I30f recon-
struction kernel since it is also a medium smooth kernel and
is used in scanning the thorax and is very comparable to the
B35f reconstruction kernel. Medium sharp kernels for both

filtered back projection and iterative reconstruction methods
with similar features are available from other CT manufac-
turers. The SAFIRE strength parameter varies from a value
of 1 to 5. The number does not refer to the number of iter-
ations that are performed and so does not influence recon-
struction time. It does refer to the amount of noise reduction
that is desired in the image while maintaining the same spatial
resolution and acceptable image texture that is necessary for
the imaging physician to render a qualitative interpretation.
We selected SAFIRE strength 5 to get the highest amount of
noise reduction possible. We used all three water equivalent
ring sizes (A, B, C as described above) as depicted in Fig. 2.
The data for the study included three scans of all eight mate-
rials using each of the outer rings, dose levels, reconstructed
with both WFBP and SAFIRE.

2.D. Test object CT image segmentation and analysis

The regions of interest used to determine the median and
standard deviation for each material in the test object were
extracted using purpose built segmentation software which
made use of threshholding followed by connected compo-
nent analysis. The segmented regions were eroded by 4 pixels
around the outer edge to eliminate the partial volume effect
at the boundary in the x-y plane. The z axis of the test ob-
ject measures 50 mm. However, the water bottle insert is only
30 mm in length and is centered along the z axis of the test
object. The ROI segmentation software captures the central
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FIG. 2. (Top to bottom) Ring A, Ring B, and Ring C, see text.

20 mm of the z axis of the test object including the water bot-
tle insert. The analysis in the z axis of this ROI included the
central 10 mm. This was done to avoid edge effects where the
scatter would change abruptly. We also wanted a thick enough
slab to provide reasonable measures not only of median ma-
terial value but also standard deviation of the material. The
elliptical shaped core insert of the test object is made of lung
equivalent foam that measures 250 × 150 mm in size in the

x-y plane. The other seven materials are inserts placed within
this larger core and each of these smaller inserts are circular
in shape with a diameter of 30 mm. The number of voxels en-
compassed by the lung foam region in the x-y plane is much
larger than the number of voxels encompassed by the other
smaller material regions in the x-y plane, Fig. 1.

2.E. Statistical methods

Welch’s two-tailed t-test, which compensates for unequal
variance,40 was used to assess differences between the median
values for a given material, ring size, and dose level when
using WFBP versus SAFIRE.

To study the relative effects of ring size, dose level, and
material composition on the measured median values in HU
a multivariable covariance method was used of the following
design:

ymedian ∼ ro + r1xmaterial + r2xring + r3xreconstruction

+ r4xdose, weights = (r5xtotal_voxels/sd2). (1)

There was no variation in the ROI voxel number for a given
standard foam between the two reconstructions, but the ROIs
of different foam standards are generally of different size;
ROI voxel size ranges from 10 766 (acrylic) to 1 306 379 (lung
foam). It is known that for normal data, the population vari-
ance of the sample median is proportional to the ratio of the
population variance to the total voxels in the ROI, Sec. 5.24
in Ref. 41, which is properly accounted for in the specifica-
tion of the data-case weight in the model for the median as
specified by Eq. (1).

To study the relative effects of ring size, dose level, and
material composition on the measured standard deviation
of the median values the following multivariable covariance
method was used:

Log(ysd) ∼ ro + r1xmaterial + r2xring + r3xreconstruction

+ s(xdose, k = 3) + log(r5xtotal_voxels). (2)

All statistical analyses were conducted in R.42 A signifi-
cant statistical difference was assumed if p < 0.05.

3. RESULTS

The results of our study are summarized in Tables I–VI.
Table I summarizes the changes in median material value for
the ROI and corresponding standard deviation (SD) (measure
of noise) of the median value of the ROI as radiation dose is
reduced from 11.94 to 0.74 mGy using Ring A and SAFIRE 5.
Table II summarizes the data for Ring A using WFBP. Sim-
ilarly, Tables III and IV summarize the mean material val-
ues for Ring B across the same range of radiation doses us-
ing SAFIRE 5, Table III, and WFBP, Table IV. Tables V and
VI summarize the mean material values for SAFIRE 5 and
WFBP, respectively, using Ring C. Below we elaborate on our
results in these tables looking specifically at effect sizes and
significance related to radiation exposure, material composi-
tion, reconstruction kernel, and ring size.
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TABLE I. Ring “A”: Median and standard deviation of the three materials scanned using SAFIRE at decreasing doses. *P value < 0.05—Comparing median
SAFIRE value and median WFBP value at the same dose level for the same material.

Material SAFIRE: Ring A—median HU (sd)

Dose (mGy) 11.94 9.04 5.97 3.04 1.55 0.74
Acrylic 120 (6.57) 120 (7.07) 121 (7.21) 120 (8.83) 121 (11.21) 120 (17.11)
Water − 5 (6.53) − 6 (6.82) −5.00 (7.71) − 5 (9.43) − 6 (11.33) − 6 (15.97)
20 lb foam − 702 (4.35) − 703 (4.47) − 702 (5.97) − 703 (8.37) − 703 (9.74) − 703 (14.75)
12 lb foam − 824 (3.13) − 824 (3.56) − 823 (4.10) − 823 (5.92) − 823 (7.93) − 823 (11.67)
Lung foam − 857 (6.82) − 857 (6.97) − 856 (7.53) − 856 (8.97) − 856 (11.30) − 856 (15.43)
4 lb foam − 937 (3.46) − 938 (4.23) − 938 (4.65) − 938 (6.49) − 937 (9.93) − 937 (14.32)
Internal air − 999 (2.97) − 999 (3.30) − 999 (4.09) −998.0 (5.23)* − 997 (6.88)* − 994 (9.08)*
External air − 1002 (4.37) − 1002 (4.93) − 1002 (4.94) − 1001 (6.54)* − 1000 (8.01)* − 996 (10.77)*

TABLE II. Ring “A”: Median and standard deviation of the three materials scanned using WFBP at decreasing doses. *P value < 0.05—Comparing median
SAFIRE value and median WFBP value at the same dose level for the same material.

Material WFBP: Ring A—median HU (sd)

Dose (mGy) 11.94 9.04 5.97 3.04 1.55 0.74
Acrylic 120 (9.82) 120 (11.42) 121 (12.18) 120 (16.47) 121 (23.04) 120 (34.94)
Water − 5 (10.47) − 6 (11.32) − 5 (13.40) − 5 (18.03) − 6 (22.64) − 6 (33.52)
20 lb foam − 702 (8.90) − 703 (9.33) − 702 (12.56) − 702 (17.81) − 702 (21.10) − 702 (31.80)
12 lb foam − 823 (7.15) − 823 (8.15) − 823 (9.43) − 823 (13.60) − 823 (18.30) − 822 (26.73)
Lung foam − 856 (9.77) − 856 (10.61) − 856 (12.31) − 856 (16.22) − 855 (22.04) − 855 (31.78)
4 lb foam − 937 (7.46) − 937 (9.25) − 937 (10.16) − 938 (14.21) − 937 (21.75) − 938 (31.34)
Internal air − 1000 (6.61) − 1000 (7.46) − 1000 (9.31) − 1000 (12.04)* − 999 (15.74)* − 997 (20.92)*
External air − 1003 (8.41) − 1003 (9.63) − 1003 (9.67) − 1004 (12.80)* − 1003 (15.50)* − 1000 (20.51)*

TABLE III. Ring “B”: Median and standard deviation of the three materials scanned using SAFIRE at decreasing doses. *P value < 0.05—Comparing median
SAFIRE value and median WFBP value at the same dose level for the same material.

Material SAFIRE: Ring B—median HU (sd)

Dose (mGy) 11.94 9.04 5.97 3.04 1.55 0.74
Acrylic 116 (11.59) 121 (11.79) 113 (14.11) 117 (18.31) 119 (23.41) 115 (38.26)
Water − 13 (11.35) − 7 (12.92) − 14 (13.79) − 11 (18.46) − 9 (24.88) − 15 (35.42)
20 lb foam − 697 (9.81) − 698 (11.40) − 697 (12.39) − 698 (18.25) − 698 (25.00) − 696 (36.24)
12 lb foam − 821 (7.19) − 821 (8.03) − 820 (9.33) − 821 (13.29) − 820 (18.18) − 820 (25.84)
Lung foam − 850 (14.13) − 850 (14.47) − 850 (16.15) − 849 (19.63) − 849 (24.30) − 848 (32.31)
4 lb foam − 930 (9.40) − 931 (9.77) − 930 (12.98) − 930 (17.00) − 928 (20.26)* − 921 (28.62)*
Internal air − 994 (6.33)* − 993 (7.21) − 992 (8.57)* − 988 (10.84)* − 981 (13.50)* − 972 (17.19)*
External air − 999 (9.27)* − 998 (10.32)* − 997 (11.02) − 993 (13.74) − 985 (15.82) − 958 (30.40)*

TABLE IV. Ring “B”: Median and standard deviation of the three materials scanned using WFBP at decreasing doses. *P value < 0.05—Comparing median
SAFIRE value and median WFBP value at the same dose level for the same material.

Material WFBP: Ring B—median HU (sd)

Dose (mGy) 11.94 9.04 5.97 3.04 1.55 0.74
Acrylic 116 (22.41) 121 (23.71) 113 (29.21) 117 (38.76) 119 (50.73) 115 (79.98)
Water − 13 (21.89) − 7 (25.70) − 15 (28.37) − 11 (38.92) − 9 (54.02) − 15 (75.01)
20 lb foam − 697 (21.29) − 697 (24.89) − 697 (27.13) − 697 (40.67) − 697 (55.10) − 695 (78.18)
12 lb foam − 820 (16.08) − 820 (18.30) − 820 (21.41) − 820 (30.42) − 819 (41.86) − 819 (59.24)
Lung foam − 849 (21.98) − 849 (24.24) − 849 (28.79) − 848 (38.50) − 848 (50.41) − 849 (68.40)
4 lb foam − 930 (20.52) − 932 (21.58) − 931 (28.61) 932 (37.98) − 933 (45.86)* − 930 (62.70)*
Internal air − 996 (14.20)* − 995 (16.17) − 995 (19.22)* − 992 (24.77)* − 988 (31.38)* − 983 (39.30)*
External air − 1002 (16.47)* − 1002 (16.96)* − 1002 (19.17) − 1000 (22.87) − 997 (27.18) − 985 (50.40)*
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TABLE V. Ring “C”: Median and standard deviation of the three materials scanned using SAFIRE at decreasing doses. *P value < 0.05—Comparing median
SAFIRE value and median WFBP value at the same dose level for the same material.

Material SAFIRE: Ring C—median HU (sd)

Dose (mGy) 11.94 9.01 5.97 3.04 1.58 0.76
Acrylic 120 (6.60) 121 (6.89) 121 (7.32) 120 (10.11) 120 (12.60) 121 (18.47)
Water − 8 (6.39) − 7 (6.66) − 6 (7.75) − 8 (9.24) − 7 (13.10) − 8 (18.12)
20 lb foam − 702 (4.15) − 702 (4.38) − 702 (6.12) − 702 (7.69) − 702 (11.70) − 702 (16.71)
12 lb foam − 824 (3.41) − 824 (3.61) − 823 (4.32) − 824 (6.18) − 823 (8.64) − 823 (12.56)
Lung foam − 857 (6.61) − 856 (6.84) − 856 (7.54) − 856 (9.07) − 856 (11.87) − 856 (16.31)
4 lb foam − 937 (4.04) − 937 (4.65) − 937 (5.09) − 937 (7.85) − 937 (9.92) − 936 (15.02)*
Internal air − 1000 (3.31) − 999 (3.85) − 999 (4.73) − 998 (5.71)* − 997 (7.54)* − 993 (10.05)*
External air − 1001 (4.63) − 1001 (4.88) − 1001 (5.31)* − 1000 (7.31)* − 998 (9.15) − 994 (12.20)*

3.A. Radiation dose

Using the largest outer ring size, Ring B, and the SAFIRE
reconstruction kernel, Table III, as the radiation dose to the
test object was decreased from 11.94 to 0.74 mGy there was
a significant shift in the median values of the 4 lb foam from
−930 to −921 HU, p < 0.05. The effect size on median ma-
terial value by reducing the radiation exposure from 11.94 to
0.74 mGy was even greater for internal air shifting from –994
to −973 HU, p < 0.05. There was no obvious unusual be-
havior in the standard deviation from the ROI’s as the dose
was reduced using the SAFIRE reconstruction kernel. The
corresponding data for WFBP are summarized in Table IV.
The shift in median material value was seen in internal air
using WFBP but the effect size was much less, −996 to
−983 HU. However, the corresponding SD of the internal air
ROI, 39.3 HU, decreases more than one would expect at the
lowest dose level of 0.74 mGy when compared to the SD ROI
of 4 lb foam, 62.7 HU, at 0.74 mGy, Table IV. This effect is
seen well in Fig. 3 where the corresponding histograms for in-
ternal air are graphed as a function of radiation dose. A clear
truncation artifact is seen in the lower dose histograms for
internal air using WFBP, Fig. 3 (upper left). The correspond-
ing histogram for internal air using SAFIRE shows a differ-
ent effect with increased skewness from a normal Gaussian
distribution as the dose decreases from 11.94 to 0.74 mGy,
Fig. 3 (upper right). The histograms for water are Gaussian
shaped for both WFBP, Fig. 3 (lower left), and SAFIRE,
Fig. 3 (lower right), at all dose levels.

3.B. Material composition

Material composition does have an effect on the change
in median value as a function of decreasing radiation dose
that is best demonstrated in the data obtained using Ring B,
Tables III and IV. The materials that have a higher mean at-
tenuation value measured in HU’s do not shift significantly
using SAFIRE, Table III. Water measures −13 HU at a dose
of 11.94 mGy and measures –15 HU at 0.74 mGy, p > 0.05.
However, the very low attenuating material internal air has
a median attenuation value of –994 HU at 11.94 mGy and
−972 HU at 0.74 mGy, p < 0.05, which is a very large effect
size with statistical significance compared to water. Similarly,
using WFBP and Ring B in Table IV, there is no significant
shift in the higher attenuating material water, −13 HU, at a
dose of 11.94 mGy, compared to a value of −15 HU at the
lowest dose of 0.74 mGy, p > 0.05. However, the median at-
tenuation value of internal air measures −996 HU at a dose
level of 11.94 and −983 HU at dose level of 0.74 HU which
is a moderately large effect size with statistical significance,
p < 0.05. The changes in median attenuation of lower density
materials such as internal air are less when using the smaller
Ring A and Ring C sizes, Tables I and II for Ring A and
Tables V and VI for Ring C.

3.C. Reconstruction method

The SAFIRE and WFBP reconstruction kernel have no sig-
nificant effect on the median attenuating values of the higher

TABLE VI. Ring “C”: Median and standard deviation of the three materials scanned using WFBP at decreasing doses. *P value < 0.05—Comparing median
SAFIRE value and median WFBP value at the same dose level for the same material.

Material WFBP: Ring C—median HU (sd)

Dose (mGy) 11.94 9.01 5.97 3.04 1.58 0.76
Acrylic 119 (10.86) 120 (11.93) 121 (13.20) 120 (19.76) 120 (25.52) 121 (38.52)
Water − 8 (10.77) − 7 (11.51) − 7 (14.12) − 8 (18.22) − 7 (26.84) − 8 (38.12)
20 lb foam − 702 (8.83) − 701 (9.39) − 701 (13.27) − 702 (16.74) − 702 (25.32) − 701 (36.17)
12 lb foam − 824 (7.78) − 823 (8.20) − 823 (9.86) − 823 (14.15) − 823 (19.77) − 823 28.49)
Lung foam − 856 (10.05) − 856 (11.07) − 856 (12.98) − 855 (17.20) − 856 (23.98) − 856 (34.23)
4 lb foam − 937 (8.95) − 937 (10.23) − 937 (11.29) − 937 (17.30) − 937 (21.96) − 937 (33.60)*
Internal air − 1000 (7.33) − 1000 (8.57) − 1000 (10.40) − 1000 (12.89)* − 999 (17.05)* − 997 (22.81)*
External air − 1002 (8.78) − 1002 (9.31) − 1003 (10.16)* − 1003 (13.89)* − 1002 (17.36) − 999 (22.41)*
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FIG. 3. Histograms plots of internal air and water, using WFBP and SAFIRE.

attenuating materials such as acrylic or water across the dose
range of 11.94–0.74 mGy, Tables I–VI. However, there is a
significant effect, p < 0.05, in the median attenuating val-
ues of internal and external air for all ring sizes as the ra-
diation dose is decreased from 11.94 to 0.74 mGy for both
SAFIRE and WFBP but the effect size for SAFIRE is greater
than WFBP for the lower attenuating materials such as inter-
nal air, Tables III and IV, with a change in the median value of
internal of 22 HU for SAFIRE, p < 0.05, and a corresponding
change in median value of internal air of 13 HU for WFBP,
p < 0.05.

3.D. Ring size

Ring size has a significant effect on the median attenuation
values of the materials with lower attenuating values. The data
using the smallest ring, Ring A, are summarized in Table I
for SAFIRE. As dose is reduced from 11.94 to 0.74 mGy, the
median attenuating value of 4 lb foam measures −937 HU
at both the highest and lowest doses, p > 0.05. However,
when the largest ring size is used, Ring B, Table III, using
the same SAFIRE reconstruction method, the value of 4 lb
foam increases from −930 HU at 11.94 mGy to −921 HU at
0.74 mGy, p < 0.05.

3.E. Multiple variable regression analysis

Given the above results for the changes in median value
attenuation values in a given material ROI as a function of
radiation dose, material composition, reconstruction method,
and ring size that are summarized in Tables I–VI, we used
multiple variable regression analysis to see if in a multivari-
able model the above relationships between radiation dose,
material composition, reconstruction method, and ring size
would continue to hold. The multivariable covariant model
for the median attenuating material value (response variable),
see Sec. 2, showed a significant correlation, overall model ad-
justed R2 = 0.9999, p-value < 2.2 × 10−16, for the following
explanatory variables: radiation dose, material composition,
reconstruction method, and ring size confirming what we have
described above.

Similarly, given the above results for changes in the SD of
the median attenuating values in a given material ROI as a
function of radiation dose, material composition, reconstruc-
tion method, and different ring size that are summarized in
Table I–VI, we used multiple variable regression analysis to
see if in a multivariable model the above relationships be-
tween the SD of the median attenuation value and radia-
tion dose, material composition, reconstruction method, and
ring size would continue to hold. The multivariable covariant
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FIG. 4. Shows difference of median CT attenuation measurements from the two reconstruction kernels versus the average of the median CT attenuation
measurements.

model used for the SD of the median attenuating value (re-
sponse variable), see Sec. 2, showed a significant correlation,
overall model adjusted R2 = 0.968, p-value < 2.0 × 10−16,
for the explanatory variables: radiation dose, material compo-
sition, reconstruction method, and ring size and total number
of voxels in the sampled ROI for a given material.

We also complement the above formal statistical analysis
by plotting material by material, the median response from
SAFIRE minus that from WFPB against the average response,
with data colored according to dose and shaped according to
ring type, Fig. 4. The plot is done in the spirit of a Bland-
Altman analysis. It clearly demonstrates that the two methods
are comparable for all materials, except Foam 4 lb, internal
and external air, for which the problem of truncation kicks in
as the response distributions have significant tail probability
below −1024 HU.

4. DISCUSSION

The results of our study have demonstrated a significant
difference between measured median and standard deviation
of materials in the COPDGene 2 test object due to recon-
struction method, material composition, ring size, radiation
dose and in the case of the standard deviation total voxels in
the sampled ROI of a given material. However, our results
demonstrated no statistical difference for materials with den-

sities of 120 HU down to −856 HU using either SAFIRE or
WFBP at dose levels from 11.94 to 0.74 mGy for all test ob-
ject ring sizes. The effect size of the 4 lb foam (−937 HU)
is quite small between WFBP and SAFIRE at all dose lev-
els when using the small ring, Ring C, compared to the very
large ring, Ring B. The most significant effects occur with in-
ternal and external air densities (−1000 HU) at lower doses
and at lower material values for all ring sizes. It is also sig-
nificant when measuring 4 lb foam (−937 HU) as well as
internal and external air when the largest ring size is used.
These results are partly due to truncation of the Hounsfield
scale at −1024 HU, for the following reason. The variance
of a truncated normal distribution is smaller than the untrun-
cated distribution, with the reduction in variance strictly de-
creasing with the truncation fraction. For instance, if 30% of
the attenuation coefficient is lower than −1024 HU and hence
they are truncated to 1024 HU, the variance of the truncated
normal distribution is reduced to about half of the original
variance, see Fig. 2 in Barr and Sherrill.43 However, trunca-
tion at −1024 HU is consequential only for distribution with
substantial tail probability below −1024 HU. In particular, we
have identified a paradoxical lowering of the standard devia-
tion as the median material value shifts more positive which
can be explained by a sudden change in the low values us-
ing the larger ring size from a normal distribution to a very
non-normal distribution of values. This effect is seen at low
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doses and any ring size for internal air and also 4 lb foam
and air at the largest ring size across a larger range of doses.
The truncation effect was previously reported,44 for weighted
filtered back projection but not for iterative reconstruction or
the relative effects between the two. The reduced variance of
the sample median calculated from the truncated data deflates
the standard errors of the coefficient estimates, resulting in in-
flated significant statistical results which should be interpreted
with caution.

Recently, technological advances in CT scanner design and
new reconstruction capabilities are lowering radiological CT
exposures. Multi-detector (MDCT) scanners, those above 64
detectors have less over scanning, have improved detector de-
sign, as well as improved amplifiers to boost the signal com-
pared to early models.45 These features coupled with new
model based iterative reconstruction allow MDCT to achieve
a quality image with considerably less radiation.22, 23, 36, 46

Baker et al. recently reported that SAFIRE reconstructions
improved contrast to noise compared to filtered back pro-
jection in both a liver test object and in in vivo CT scans
of the liver.23 At 70% and 50% of the dose, SAFIRE had
increased contrast to noise level (CNR) compared with the
100% dose WFBP method. Kalra et al. also reported recently
that SAFIRE provided equivalent diagnostic value for CT im-
ages of the liver at a 50% lower radiation dose over WFBP.36

In some patients a 75% reduction in dose was possible with
SAFIRE without a decrease in diagnostic value. While these
groups focused on anatomical organs related to muscle and
fat, our work focused on the effects of SAFIRE (strength 5)
related to changes in lower density measures. Results of this
test object study are relevant to CT scans obtained on humans
to assess lung density. The median values for the reconstruc-
tion method determine the thresh-holds that are used to deter-
mine the amount of air trapping (−856 HU on FRC CT Scans)
or emphysema (−950 HU on TLC CT scans) that is present.
If there is a shift in the median value of the lung between
reconstruction methods there will be a change in the corre-
sponding measure of air trapping or emphysema. The SD of
the reconstruction method determines the noise in the mea-
surement and as the SD increases the ability to detect a small
change in lung density will decrease. This is the precision of
the measurement. The reduced SD with SAFIRE would im-
prove the ability to detect small changes in lung density com-
pared to WFBP.

The main advantage of iterative reconstruction is the abil-
ity to maintain image quality while scanning at lower radia-
tion exposures. There are also disadvantages. Beister et al.22

discussed the need for extensive computations when using it-
erative methods, especially when increased scatter or motion
is present. There are additional biologic effects in quantita-
tive lung imaging that are not addressed by our COPDGene
2 test object since the lung is surrounded by bone which pro-
duces scatter, and the heart introduces cardiogenic motion as
an additional issue. While it is difficult for a test object to sim-
ulate all the biological effects that determine lung density, it
can more readily provide important systematic information by
standardized analysis of known physical densities that mea-
sure a portion of the important biological effects. The test ob-

ject we chose, the COPDGene 2 test object is an improved
version of the COPDGene 1 test object.1 The COPDGene 2
test objects provides three additional foam like materials that
are in the range of normal and abnormal lung tissue, −703,
−824, and −934 HU. Another advantage of using a test ob-
ject is the ability to scan the stationary object many times and
reconstruct the scans using exactly the same scan settings.
Willimink et al.47 performed a similar radiation dose study
design, using an anthropomorphic phantom scanned multiple
times at different dose levels to evaluate differences in lung
nodule volume using both iterative reconstructions and fil-
tered back projection. Willimink reported no “clinically sig-
nificant” difference in lung nodule size using either recon-
struction method. However, it was mentioned that certain size
nodules could lead to over or under estimation of nodule
volume.

In summary, our study indicates that a multi-material test
object, like the one presented, can identify inaccuracies in
CT density measurements that occur in the low densities of
interest in imaging the lung when using new CT technolo-
gies such as model based iterative reconstruction as well as
proven CT technologies like weighted filtered back projec-
tion. We have shown that truncation of the Hounsfield scale at
−1024 HU identified a paradoxical lowering of the standard
deviation as the median material value shifted more positive.
This effected the voxel distribution of the low values using
the larger ring size. Based on this, we assume that by extend-
ing the Hounsfield scale well below −1024 HU and avoiding
truncation errors, unwanted effects of truncation can be elimi-
nated. This will allow for robust quantitative measures of lung
density to extend to −1000 HU using conventional or dose re-
ducing reconstruction technologies.
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